Abstract A modelling experiment is used to examine different land-use scenarios ranging from extreme deforestation (31% forest cover) to pristine (95% forest cover) conditions and related Payment for Ecosystem Services (PES) schemes to assess whether a change in streamflow dynamics, discharge extremes and mean annual water balance of a 73.4-km 2 tropical headwater catchment in Costa Rica could be detected. A semi-distributed, conceptual rainfall-runoff model was adapted to conceptualize the empirically-based, dominant hydrological processes of the study area and was multi-criteria calibrated using different objective functions and empirical constraints on model simulations in a Monte Carlo framework to account for parameter uncertainty. The results suggest that land-use change had relatively little effect on the overall mean annual water yield (<3%). However, streamflow dynamics proved to be sensitive in terms of frequency, timing and magnitude of discharge extremes. For low flows and peak discharges of return periods greater than one year, land use had a minor influence on the runoff response. Below these thresholds (<1-year return period), forest cover potentially decreased runoff peaks and low flows by as much as 10%, and non-forest cover increased runoff peaks and low flows by up to 15%. The study demonstrated the potential for using hydrological modelling to help identify the impact of protection and reforestation efforts on ecosystem services.
INTRODUCTION
Protection of tropical rainforests and maintenance of their ecosystem services is a conservation priority of global importance. Yet in most places, tropical forests are under increased development pressures. In 1970, National Parks were introduced in Costa Rica to legally protect tropical rainforests and in 1995, Payment for Ecosystem Services (PES) schemes were implemented to encourage users (e.g. industry) to pay providers (e.g. land owners) to reduce logging of natural forests and encourage reforestation, forest regeneration and conservation (Daniels et al. 2010) . The scheme sought to improve hydrological services in terms of maintaining water quantity and quality, along with other ecosystem benefits (biodiversity, carbon sequestration and recreation) and thus provide wider societal benefit and also encourage poverty alleviation. Hydrological services are of special importance for Costa Rica where almost 80% of the country's electricity demand is covered by hydropower generation (CIA Fact book 2011). Prior to the implementation of legislation and schemes to protect forests at a national scale, land management was characterized by forest conversion from 67% primary rainforest cover in 1940 to 83% pasture and crops cover in 1983 (Sader and Joyce 1988) . Since 1970, this trend has been slowed and since 1995 halted; it has even been reversed in some regions with increased reforestation (Veldkamp and Fresco 1996) .
However, the introduction and maintenance of PES schemes also raised questions over the effectiveness of reforestation in providing hydrological services (Bonell and Bruijnzeel 2005) . This issue is bound with recent wider debates regarding the role of forests in catchment systems and their influence on streamflow (Andréassian 2004) . Since the 1960s, well-monitored paired catchment experiments, where one is left in a natural condition and the other is subject to treatments, have provided numerous examples of how forest conversion affects streamflow mainly in temperate regions (e.g. Bosch and Hewlett 1982) . In the humid tropics, however, ambiguous results have been reported, with deforestation shown to increase or decrease overall water yield or low flows (see review by Bruijnzeel 2004) . There is more consistent evidence that forest cover removal increased peak flows in storm events (e.g. Stednick 1996) . Nevertheless, the transferability of results from various experimental catchments remains uncertain due to their usual small size (typically <1 km 2 ) and the extreme treatment often applied (e.g. total removal of the forest cover). This is usually an unrealistic scenario, especially in the case of larger catchment scales (>10 km 2 ) where the operational implementation of PES schemes aimed at forest protection and reforestation is targeted.
In such cases, there is a management need to assess short-term, as well as long-term changes in streamflow dynamics resulting from land-use change. Of particular importance is the projection of potential impacts on sustaining low flows and buffering high flows, which are often higher priority issues for water managers than simple mean annual water yield changes (Bruijnzeel 1990 ). Furthermore, most tropical catchments are data scarce and of a very different hydrological nature compared to more extensively studied temperate regions. Recent work particularly illuminated the complex hydrological processes and functioning of tropical montane cloud forests . Such forests can positively contribute to the water balance by intercepting fog and wind-driven rain and are often not only directly threatened by logging, but indirectly affected by lowland deforestation causing changes to orographic cloud formation (Lawton et al. 2001 , Ray et al. 2006 .
Thus, it is important to assess the effects of forest cover changes and PES schemes on the hydrology of data-scarce tropical catchments, at sites where long-term hydrometeorological data records using change-detection approaches (e.g. Kundzewicz and Robson 2004) are widely absent. Bruijnzeel (2004) recommended the use of well-calibrated models to detect changes in streamflow caused by landcover conversion that could be disentangled from the influence of climate variability as a way forward. Mulligan and Burke (2006) developed a water balance model (FIESTA) incorporating cloud water interception to assess the hydrological impact of tropical montane cloud forest removal at regional scales. Schellekens (2006) successfully adapted a distributed, physically-based hydrological model to a small catchment in Costa Rica, but despite the site specific value at particular scales, such modelling approaches are not easily transferred to simulate the hydrology of other catchments with limited data. Recently, Seibert and McDonnell (2010) and Zégre et al. (2010) successfully used a relatively simple conceptual model to detect hydrological changes for pre-and post-deforestation periods in the HJ Andrews Experimental Forest and the Hinkle Creek Paired Watershed Study in Oregon, USA, respectively. Similarly, conceptual modelling has the potential to be used in tropical catchments with shorter data records, applying different PES scenarios rather than a change-detection approach. Thus, the confounding interference of climate variability can be avoided as long as the parameter uncertainty implied is explicitly accounted for (Seibert 1997) . However, it is clear that a simple modelling approach can only be viewed as a learning tool (Dunn et al. 2008) . In reality, ecosystems exhibit much more complex, dynamic behavioural traits and nonlinear feedbacks, such as the recovery of vegetation through succession and the restoration of soil physical properties (Bruijnzeel 2004) . Nevertheless, such modelling exercises can be useful in testing a catchment's sensitivity to land-use change (Wagener 2007) and, thus, provide insights into potential hydrological resilience to guide the sustainable management of forest ecosystems (Creed et al. 2011) .
This study therefore aimed to contribute to the current debate around tropical forests, PES schemes and hydrological services at an operational catchment scale in relatively data-poor (from a hydrological modelling perspective) environments. The specific objectives were: firstly, to apply a semi-distributed conceptual rainfall-runoff model (HBVlight by Seibert 2002) to the tropical rainforest catchment of the Sarapiqui River in Costa Rica. The model was constrained where possible by available field data and empirical process knowledge (e.g. groundwater contribution to streamflow) in an attempt to aid model parameterization and minimize uncertainty. This would then serve as the multi-criteria calibrated baseline simulation for a period of record under the assumption of no change. The second objective was to develop land-use and potential PES scenarios for the study catchment and experiments using the calibrated model. The final objective was to critically analyse scenarios relative to the baseline simulation for potential changes in annual water balance, streamflow dynamics and environmental flow indicators (timing, duration and frequency), which are disaggregated from the influence of climatic variability.
STUDY AREA

Topography, geology, soils and land use
The Sarapiqui headwater catchment (73.4 km 2 ) is located in the "Cordillera Central" at the Central American continental divide draining into the Caribbean (Atlantic) basin of Costa Rica (Fig. 1) . This mountain range forms part of the Pacific "Ring of Fire" extending from North to South America. Therefore, the geological origin of the catchment is exclusively of volcanic structures (Quaternary) dominated by pyroclastic formations (Losilla et al. 1992) of andesitic composition (Denyer and Kussmaul 2000) . The catchment subsurface is highly stratified with differently aged layers of lava, volcanic ashes and sediments (Pizarro 1993) . The age of the parent material generally increases with depth and horizontal distance from the two active volcanoes. The most recent eruption dates back 40 years, and these rocks form the topographical catchment boundary, whilst the oldest rocks (c. 600 000 years) occupy the valley bottom close to the outlet (Denyer and Alvarado 2007) . The dynamic volcanic origin is also reflected in the catchment's geomorphology and topography. Steep, incised V-form valleys characterize the drainage system of the Sarapiqui headwaters with a total elevation range from 790 to 2840 m (Bergoeing 1998) . The catchment's mean slope is 20
• and the drainage density of 1.55 km km -2 (1:50 000 scale) is relatively high (Fig. 1) . The high mean slope of the channel network (112 m km -1 ) reflects high transport capacity (Table 1) .
The main soil types of the Sarapiqui catchment are relatively young volcanic Andisols (USDA classification) on lower slopes and on steeper slopes less developed Inceptisols (Table 1) . Andisols are generally nutrient rich and characterized by good physical properties resulting in high agricultural productivity. The land use was derived by photo-interpretation of a Landsat 5 Thematic Mapper (TM) image dating from 1986, representative of the actual land use between 1970 and 1995 ( Fig. 1) . Since the introduction of National Parks and protected areas in the 1970s, land-use conversion from rainforests to pasture has mainly been stopped. Later changes (between 1970 and 1995) , such as pasture to agriculture or urbanization, did not affect the overall forested area as derived from the 1986 satellite image. Today, PES schemes are mainly focused on forest conservation (60%) and regeneration (10%) in zones close to protected areas (National Parks) and on commercial forest plantation (20%, mainly non-native Teak and native Tonka bean tree) and reforestation (10%) programmes. Therefore, the current catchment land use is characterized by 66% forest cover and 34% mixed use (pasture, crops and minor urbanization). The forest cover above (19%) and below (11%) 1800 m is generally referred to, respectively, as Upper Montane Cloud Forest (UMCF) and Lower Montane Cloud Forest (LMCF) (Kappelle and Brown 2001, Bruijnzeel et al. 2011) . 
Climate
Mean annual temperatures greater than 20 • C and precipitation exceeding 1500 mm year -1 characterize Costa Rica as a humid tropical country (Chang and Lau 1983) . Due to the relatively small continental landmass, the inter-annual climatic variations are limited. Regional climate is dominated by circulation patterns: mainly the shifting Inner Tropical Convergence Zone (ITCZ), the trade winds from the east, polar and tropical depressions and indirectly by hurricanes. Differing wind systems from the Pacific Ocean and the Caribbean Sea, plus the characteristic mountain topography are reflected in precipitation patterns. During December and January, as the ITCZ moves south and strong trade winds blow, they force active air masses over the Caribbean Sea that arrive at 10 • N latitude. Once these labile air masses hit the coast, wind power and the topographic forcing of the humid air result in condensation and precipitation maxima at around 1000 m (Hastenrath 1967, Enfield and Alvaro 1999) . This results in a negative altitudinal gradient measured at -170 mm year -1 per 100 m above 1000 m a.s.l.
Air temperature also directly correlates with altitude, decreasing at a rate of -0.6 • C per 100 m (Arroyo 1986 ). The mean annual air temperature at mean catchment elevation (1805 m) is around 16 • C. The annual migration of the ITCZ is at its southernmost extreme in February, which also corresponds to the Pacific dry season from December to March. However, coastal winds blow throughout the year bringing intensive rainfalls to the Caribbean all year round. These climatic features can be found in the mean monthly precipitation regime of the Sarapiqui headwaters showing moderate seasonality with dry and wet seasons characteristic of the Pacific (Fig. 2) .
However, Climate variability introduced by Caribbean weather patterns and indirect effects of hurricanes results in storm events all year round and a slightly delayed dry season starting in January rather than December. Another important climatic feature is the wind-driven spatial variability of precipitation, which Fig. 2 Mean daily hydroclimatic data (discharge, precipitation and air temperature, T) for the study period [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] ; the small inset graph shows the mean monthly water balance regime.
can cause local deviations or measurement errors up to 500 mm year -1 Burke 2006, Frumau et al. 2011) .
Hydrology
The hydrological response of tropical rainforest catchments can vary significantly in time and space compared to other regions due to specific geological, climatic and vegetation characteristics. Costa Rican UMCFs, for example, intercept up to 28% of total precipitation, of which around 2% contributes to stemflow (Guariguata and Kattan 2002, Bruijnzeel et al. 2011) . Montane cloud forests are characterized by a high density of epiphyte vegetation, which captures fog and wind-driven rain and regionally contributes an important net input to the water balance . Mulligan and Burke (2006) estimated this cloud water contribution in the Sarapiqui catchment to be up to 164 mm year -1 . Generally, the mean monthly runoff regime (Fig. 2 ) of the River Sarapiqui strongly reflects the combined climatic seasonality of Pacific and Caribbean rainfall patterns with moderate low flow (January-March) and high flow (April-December) seasons (Birkel and Demuth 2006) . Furthermore, a relatively high baseflow index (BFI) of 72% indicates large groundwater storage contributing to streamflow (Gustard et al. 1992) .
Measurements have shown that the stratified volcanic subsurface is hydraulically well connected (Losilla et al. 1992) . This is also reflected in the relatively high magnitude of baseflows of around 2 mm d -1 (Fig. 2) . The complex volcanic stratigraphy of the Sarapiqui headwaters also suggests inter-basin groundwater flow into lowland areas, which has to be considered for water balance approaches (Genereux et al. 2002) . Even though groundwater constitutes almost three quarters of annual streamflow, the catchment generates peak flows greater than 100 mm d -1 (Fig. 2 ) and experiences a rapid response to storm events via observed near-surface flow pathways (see Section 3.2). The mean annual water balance is provided in Table 1 .
DATA AND METHODS
Hydrometeorological database
Mean daily discharge Q (mm d -1 ) was derived from continuously measured river levels by the Costa Rican National Electricity company using an OTT stage recorder (15-min resolution) in a naturally rated, but stable, section in the canyon of the River Sarapiqui for the study period from 1982 to 1990 (Fig. 1 ). Precipitation P (mm d -1 ) was measured daily by the National Meteorological Institute and the Costa Rican National Electricity company using simple open gauges during the study period at three gauges located throughout the catchment ( Fig. 1 ) and two gauges nearby at altitudes of 500 and 920 m. Catchment average precipitation was interpolated using the inverse distance weighted (IDW) algorithm, which implicitly includes the previously described negative precipitation elevation gradient. Daily mean air temperature T ( • C) was derived from hourly measurements (Campbell Scientific) at 40 m at the La Selva Biological Station (Organization for Tropical Studies) located at a distance of about 20 km from the study catchment and interpolated over the catchment area, and elevation E according to the observed gradient (Arroyo 1986) :
(1)
With negligible intra-annual temperature variations (±2 • C) in the tropics (Fig. 2) , the mean daily potential evapotranspiration ET (mm d -1 ) was estimated using solar radiation R s (245J cm -2 d -1 = 1 mm d -1 ) additionally to T, according to Jensen and Haise (1963) :
Due to the lack of direct measurements, the average catchment R s was derived from dry (January-March) and wet season (April-December) Landsat 5 TM satellite images of the study period 1982-1990, according to the methodology proposed by Bastiaanssen et al. (1998) . This allowed us to account for the seasonal variation of radiation due to increased cloud cover during the rainy season and was linearly interpolated to represent mean daily R s .
Fieldwork and empirical data
The Sarapiqui catchment was visited on a fortnightly basis during 2006/07 to carry out infiltration experiments and soil sampling ( Fig. 1) . A total of 15 overland flow detectors (OFD) (Kirkby et al. 1976) were installed and monitored for surface runoff occurrence on forested (n = 5) and non-forest (pasture and crop, each n = 5) sites with different slopes. We also analysed 25 soil cores taken at a depth of 30 cm for soil texture, saturated hydraulic conductivity K sat (cm h -1 ) and field capacity FC (Vol%). The infiltration capacity I max was determined at the same sampling sites using a constant head Guelph Permeameter. We took 12 soil samples at forested sites, 10 at pasture sites and three at cropland sites. The average soil texture can be described as relatively uniform loamy sands. The I max exceeded 200 mm h -1 at all forested sites (mean: 730 mm h -1 and standard deviation, SD: 484 mm h -1 ), which was much greater than measurements on mixed land use (mean: 33 mm h -1 , SD: 28 mm h -1 ). Some primary rainforest patches resulted in I max > 1000 mm h -1 (Fig. 3) . This difference between forested and nonforest (mixed land-use) sites was consistent with laboratory-determined K sat values (mean: 4.5 cm h -1 , SD: 2.0 cm h -1 for forest, and mean: 1.6 cm h -1 , SD: 0.9 cm h -1 for mixed use). However, measured field capacity did not give statistically significant different values between land-use classes (mean: 25 Vol%, SD: 21 Vol% for forest, and mean: 4.6 Vol%, SD: 6.4 Vol% for mixed use). The OFDs identified surface runoff for the forested sites only on slopes over 30 • and during extreme rain storms (>100 mm d -1 ), which only occurred twice over a whole year. For slopes less than 10 • no superficial runoff was detected. OFDs on sites under mixed land use (pasture and crop sites) frequently detected surface runoff, even in almost flat areas, for rain storms greater than 20 mm d -1 . Generally, the forest soils in the Sarapiqui catchment exhibited higher soil moisture, infiltration and recharge capability than the more compacted soils under different land-use regimes.
MODEL APPROACH
The conceptual, semi-distributed HBVlight (Seibert 2002 ) rainfall-runoff model was used to simulate daily streamflow in the Sarapiqui catchment for the consistent 9-year data record from 1 January 1982 to 31 December 1990. A detailed description of the model equations can be found elsewhere (Bergström 1992 , Seibert 2002 . Briefly, the version of the HBV (Hydrologiska Byråns Vattenbalansavdelning) model developed by Seibert (2002) allows the combination of one to three cascading conceptual linear and nonlinear storages that can incorporate overflow thresholds. Process-based data were used to empirically inform the model structure used for this study with the goal of minimizing parameterization. Preliminary tests showed that a minimum of two reservoirs were needed to adequately simulate the hydrograph with a nonlinear upper storage (parameters α, k 1 ) recharging (parameter PERC) a linear lower storage (parameter k 2 ) representing quick nearsurface and slower groundwater runoff components, respectively. Parameter units are shown in Table 2 . Total runoff is routed via a triangular weighting function (parameter MAXBAS) to the catchment outlet. Using just one reservoir was inadequate, and the use of additional reservoirs and thresholds did not improve overall simulations and they were therefore discarded from further analysis to avoid unnecessary parameterization. The five-parameter runoff generation routine is preceded by a semi-distributed or lumped soil moisture (parameter FC) routine controlling the total evapotranspiration losses (parameter LP) and recharge to the runoff-generating storages (parameter β), which can be parameterized for different land-use classes. The parameter LP controls the conversion of potential ET into actual ET according to moisture availability (Seibert 2002) . Although, there is no explicit interception module for aboveground water partitioning implemented in this version of the HBVlight model, to keep parameterization to a minimum without adequate data, evaporation and transpiration are calculated as total losses using the soil parameterization, which is usually calibrated to close the water balance McDonnell 2010, Zégre et al. 2010) .
The steep topographic range (790-2840 m) of the catchment was spatially distributed over 20 elevation zones corresponding to 100 m increments between 800 and 2800 m. The remaining elevations from 790 to 800 m and 2800 to 2840 m were included in the first and last zones, respectively. The relative area of forested and non-forest (mixed) land use was determined for each elevation zone ( Fig. 1(c) ) and spatially distributed for the soil moisture model routine. The temperature (equation (1)) and precipitation gradients were also used to reflect the spatial variability of climatic inputs and losses across the elevation zones. This explicitly included incorporation of literature wind-driven precipitation measurement errors (500 mm year -1 ) and cloud interception (164 mm year -1 ). The combined measurement error and cloud interception of 664 mm year -1 corresponds to 14.3% of underestimated precipitation input. The elevation gradients have been used to linearly distribute 14.3% of under-represented catchment precipitation to a daily gross precipitation input Burke 2006, Frumau et al. 2011) . Two years prior (1980) (1981) (1982) to the study period (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) ) were used as model "warm-up" period. The semi-distributed, two-reservoir model structure applied to the 9-year calibration period served as a baseline simulation to assess the parameter uncertainty and identifiability, especially of the soil parameters associated with land use as a basis for PES scenarios.
Model calibration and evaluation using process-based information
The HBVlight model was calibrated using the NashSutcliffe (NS) and logarithmic NS (lnNS) statistics to objectively evaluate high-and low-flow simulations, respectively. Parameter values were assigned using random Monte Carlo (MC) sampling, generating two million different model runs. Since the measured soil physical properties do not exactly correspond to the conceptual model parameters, a range of criteria based on discharge and field data were used a priori to constrain the MC parameter sampling and a posteriori to select acceptable parameter sets as follows:
-Due to significantly higher I max and K sat values measured under forest cover, the soil model parameters FC1 and β1 (both reflecting forest cover) were set to be randomly sampled at higher values than the FC2 and β2 (for mixed land use) (Fig. 3) . Although the systematic evolution of soil hydraulic properties under re-forestation was not explicitly accounted for, the use of the higher values following landscape change captured the implicit effects of land-use change. -Then, the whole range of MC runs for observed total discharge minus simulated total discharge was required to be less than ±300 mm year -1 , based on an estimated total water balance error to allow for potential inter-basin flows and input errors (Genereux et al. 2002 ). -The simulated groundwater contribution was required to lie between the estimated BFI interval of 55-85% of total discharge (Gustard et al. 1992 ). -From the remaining parameter sets, model simulations below the 99th NS and lnNS quantiles were rejected as not adequately representing the system functioning ( Table 2 ). -Finally, lower and upper prediction boundaries for discharge simulation were derived from the 10th and 90th percentiles of the distribution of all remaining parameter sets applied to HBVlight.
Parameter identifiability
Parameter identifiability was assessed to evaluate the effect of empirical constraints imposed on model parameters by applying the concept of regional sensitivity analysis (RSA) according to Hornberger and Spear (1981) . The randomly sampled parameter space for initially unconstrained parameter ranges was compared against the parameter space generated during model calibration using additional empirical information to discharge. The initial parameter space was sampled over the ranges shown in Table 2 for the five runoff generation parameters (PERC, α, k 1 , k 2 and MAXBAS) and for a total of six soil (two land-use classes) parameters (FC1, FC2; LP1, LP2, β1 and β2). The partitioning of the parameter space for behavioural and non-behavioural simulations as suggested for RSA was performed according to the multiobjective calibration described above (Section 3.3.2). The difference between the threshold criteria and each accepted performance measure was used to calculate a cumulative efficiency C (-). The cumulative efficiency over the parameter ranges indicates parameter identifiability or constrained parameter intervals as deviations from a straight line, which indicates poor identifiability within the range.
Development of PES scenarios and evaluation
We developed four land-use scenarios closely related to proposed and potential PES schemes in the study catchment, as well as extreme natural deforestation scenarios which have resulted from earthquakeinduced landslides. These scenarios were then applied to the previously accepted parameter ranges (90th percentile) of the multi-criteria calibrated HBVlight model over the 9-year data record representing the altitudinal distribution of forest and non-forest landuse classes and associated parameterization within the semi-distributed HBVlight model structure. The rationale in applying calibrated baseline parameter sets to simulate land-use scenarios was to reduce uncertainty using model assumptions that are supported where possible by empirical data and process-knowledge. The simulated scenarios have been compared to the baseline simulation period 1982-1990 with 66% forest cover for assessing potential changes in the hydrology of the Sarapiqui catchment:
-Scenario 1: pre 1940s "pristine" catchment conditions with 95% forest cover evenly distributed over the whole catchment (extreme forest scenario). -Scenario 2: a potentially extreme deforestation scenario was estimated at 41% forest cover loss (20 km 2 ) compared to the baseline scenario of 66% forest cover. Forest cover was assumed to be most affected on the steepest slopes close to the catchment outlet and at the highest altitudes. -Scenario 3: the 4 km 2 reforestation (PES) proposed by state agencies extending the baseline forest cover into protected areas of lower slopes close to the mean catchment elevation. -Scenario 4: falsification of baseline land-useelevation distribution (Fig. 1) . Current nonforested areas at mean elevation and moderate slopes were parameterized as forest cover and vice versa testing the importance of elevation and indirectly of slope of forested and non-forested areas on streamflow dynamics.
For each of the scenario runs i, we first compared the simulated mean annual water balance with observed values and, secondly, compared the relative difference R i of simulated discharge for the scenario Q simS,i with the baseline simulation Q simB,i according to the following equation:
Positive R i values potentially indicate increased discharge on applying the scenarios compared to the baseline, and negative R i values indicate less discharge. Thirdly, we performed non-parametric Mann-Whitney rank tests to evaluate whether there is a significant impact on hydrology due to landuse changes compared to the zero hypothesis of no change. This was tested for high-and lowflow percentile intervals starting with Q 10 and Q 90 , respectively. Lastly, we calculated linear least squares regressions of time series of hydrological parameters such as discharge extreme values (low-and high-flow minima, maxima and pulse counts), timing (monthly and extreme values), frequency (monthly and exceedence probabilities) and duration-similar to the indicators of hydrologic alteration (IHA) by Richter et al. (1996) -for the median baseline simulation and the median scenarios 1 to 4. These regressions were calculated in order to facilitate detection of the environmental flow indicators most affected by different landcover scenarios and PES schemes using more-or-less strong trends relative to the baseline simulation over the 9-year study period. The indices were selected according to non-parametric percentiles of the simulated single-period flow scenarios (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) . Extreme values were pooled according to a 25% and 75% threshold, with a 1-year return period definition for small floods and droughts.
MODEL APPLICATION AND SIMULATION RESULTS
Evaluation of baseline runoff simulation and parameter identifiability
Parameter identifiability was assessed to evaluate whether empirical data and process knowledge helped constrain parameter values. The parameter identifiabilities were expressed as cumulative efficiencies of the NS performance criteria for the five runoff generation parameters and the six soil parameters (for forest and mixed land use) in the HBVlight model. Figure 4 shows that the runoff generation parameters are identifiable with either local maxima (α) and/or constrained intervals (PERC, k 1 , k 2 , MAXBAS). The land-use-dependent soil parameters did not result in constrained ranges except for β2. Nevertheless, the empirical a priori calibration criteria showed effects in terms of regions of identifiability resulting in greater soil moisture capacity (FC1), higher recharge rates (β1) and greater total evapotranspiration losses (LP1) for the forested elevation bands compared to the mixed use (FC2, β2 and LP2). This differentiation of hydrological processes according to land-use parameterization gives a more plausible basis for the PES scenarios (Table 2 ). The dynamics of the hydrograph are simulated reasonably well, with the modelling approach capturing the most extreme peak flow (January 1988, Fig. 5(a) ) and low flow (February-March 1987, Fig. 5(a) ) of the 9-year calibration period. Generally, the model tended to slightly overestimate low flows and underestimate peak flows (Table 3) . However, the 90% uncertainty bounds bracket the observed discharge over the complete time-frequency domain with best performance values of NS = 0.74 and lnNS = 0.78 (Table 2) .
Effects of land-use change on mean annual
water balance Table 4 shows a comparison of model-estimated 90% uncertainty limits for mean annual water balance and storage components of the baseline simulation and the impact of scenarios. In general, relatively little change could be detected in terms of mean annual discharge, with the uncertainty intervals of scenarios and baseline simulation largely overlapping. The "pristine" Scenario 1 resulted in slightly (1.7%) less annual discharge compared to the "deforestation" Scenario 2, with virtually the same annual discharge compared to the baseline simulation. However, Scenario 4 exerted a slightly stronger effect with 1.1% (+48 mm year -1 ) higher annual discharge compared to Scenario 2 (see also Fig. 6 ). More strongly affected was the simulated total evapotranspiration loss, which increased by up to 5.8% (+75 mm year -1 ) with increased forest cover and decreased by about 9.6% (-117 mm year -1 ) with less forest cover (Scenario 2). Scenario 1 also resulted in larger intervals for the estimated dynamic soil moisture and lower storage compared to Scenario 2. The "reforestation" Scenario 3 is not shown in Table 4 , since it gave negligible annual changes compared to the baseline simulation. Figure 6 shows the simulated mean annual discharge and total evapotranspiration losses as a function of forest cover. Again, the differences for the mean losses are greater than for discharge, but the trends for a stepwise simulated increase and decrease in forest cover from the baseline show a roughly linear relationship towards the extreme pristine and deforestation scenarios.
Effect of land-use change and PES on streamflow
Although almost no difference could be detected by comparing % time-exceeded discharge values (Table 2 ) and the simulated hydrograph of the scenarios (Fig. 5(b) and (c)) to the baseline simulation ( Fig. 5(a) ), the relative difference of simulations to the baseline (calculated using equation (3)) revealed a different picture. Figure 7 clearly shows a directly comparable and important deviation from the baseline simulation for high and low flows selected from Q 10 and Q 90 for scenarios 1 to 3. A converging pattern towards zero change for the most extreme peak flows indicated that land use plays only a minor role on the generation of extreme runoff events. A daily peak flow of 60 mm d -1 corresponds to a return period greater than one year. Such a converging pattern was less evident for low flows, but the variability of the relative simulations decreased with lower flows. Since all scenarios are directly comparable in Fig. 7 , it appeared that forest cover (Scenario 1) decreased peak flows and to a lesser extent low flows, while Scenario 2 increased peak flows up to 15% and low flows up to 20%. Scenario 3 was projected to have much less effect on high and low flows compared to scenarios 1 and 2, but still a deviation from zero can be observed. Deforestation also had a relatively greater impact on streamflow dynamics than forest cover as can be seen in Fig. 7 . Furthermore, we used the non-parametric MannWhitney rank test to evaluate whether the median scenarios 1 to 4 were significantly (p < 0.01) different from the null hypothesis of no change for different high-and low-flow percentile intervals (Table 5) . The results partly confirmed the previously described relative land-use scenario effects on streamflow with no statistically significant effect of land use on flows Table 5 Non-parametric Mann-Witney rank test results evaluating whether relative median simulations R i of the scenarios 1 to 4 were significantly (p < 0.01, bold) different from the zero hypothesis of no change for different flow percentile intervals. greater than Q 1 , and only Scenario 2 exhibited a significant effect (1%) on median low flows smaller than Q 99 . Forest cover (Scenario 1) resulted in a significant effect (1%) only for the low-flow intervals from Q 90 to Q 95 and from Q 95 to Q 99 , whereas no significant effect on high flows could be detected at a significance level p = 0.01. Deforestation exhibited significant effects on high (2%) and low (3%) flows, while the "reforestation" Scenario 3 followed the same tendencies as Scenario 1, but without statistical significance. However, the topology of land cover in terms of the land-use-elevation distribution (Scenario 4) played a significant role on the median peak flow interval from Q 10 to Q 5 (1%) and also on the median low-flow interval from Q 90 to Q 95 and from Q 95 to Q 99 (1%, respectively). In other words, the impact on streamflow is greater with less forest on steeper slopes. Table 6 shows the statistically significant (p < 0.01) linear least squares regression results of the time series of environmental flow indicators reflecting discharge magnitude (low and high flow), timing, frequency and duration. Comparison of the median baseline regression results to the median scenarios 1 to 4 indicated potential changes to environmental flow parameters related to land cover over the study period 1982 -1990 . Generally, between 1982 and 1990 , significant correlations could be observed for indicators of the time-frequency and low flow timing in June, as well as for the 7-day and 30-day minima, low and high pulse counts and small flood fall rate, rise rate and duration. By comparing the slope of correlations (ρ) and the quality of regressions (coefficient Table 6 Linear least squares regression results (correlation ρ and coefficient of determination R) for time series of discharge extreme values (low and high flow), timing, frequency and duration indicators of the median baseline simulation and median scenarios 1 to 4 selected during the study period [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] . Bold values are significant with p < 0.01, and correlation ρ values indicate either positive or negative regression slopes. of determination, R), the potential effects of PES scenarios relative to the baseline simulation on environmental flow indicators became apparent. Forest cover (Scenario 1) tends to moderate high-flow indicators with weaker relationships compared to the baseline simulation and Scenario 2; for example, the high pulse count and the small flood rise rate indicators resulted in lower and insignificant regressions compared to greater and significant regressions of the baseline and Scenario 2 simulations, respectively. However, this did not count for the duration indicators of small and large floods, where a stronger and similar relationship was found for Scenario 1 compared to the baseline and Scenario 2 regression results. Low-flow indicators (low pulse count, extreme low minimum and extreme low duration) resulted in slightly stronger relationships for Scenario 1 compared to the baseline and Scenario 2 indicators, which were in line with previously presented results that increasing forest cover resulted in decreased low flows. However, this did not hold for the 7-day and 30-day minima indicators, which resulted in slightly weaker regressions compared to results from the baseline and Scenario 2 simulations. Regressions for the "reforestation" Scenario 3 were close to regressions found for the baseline simulation, or deviated slightly towards Scenario 1 results. Interestingly, regressions found for Scenario 4 were closer to those for Scenario 2, pointing towards the importance of elevation and, indirectly, the slope of forested areas in influencing streamflow.
Detection of PES effects on environmental flow indicators
Indicators Baseline Scenario 1 Scenario 2 Scenario 3 Scenario 4 ρ R ρ R ρ R ρ R ρ R Frequency
DISCUSSION
Conceptual rainfall-runoff modelling in the tropics and related uncertainty
In this paper, we examined the potential effects of land-use scenarios related to PES schemes on the streamflow of a tropical headwater catchment in Costa Rica. These effects were assessed by applying the widely used conceptual hydrological model, HBVlight, which accounted for the uncertainty in the parameterization of different land-use classes (Seibert and McDonnell 2010) . Even though physical data measured in the field cannot be used to directly parameterize a conceptual model, it could be shown that field data provide useful a priori constraints on the randomly sampled (MC) parameter distributions (Table 2 ). This increased identifiability for the parameterization of the different land-use classes (Fig. 4) was similar to the approach of Fenicia et al. (2008) , who constrained model parameters through the incorporation of additional data into the model evaluation procedure. The likely groundwater contribution (55-85%) to total streamflow assessed by BFI calculations (following the approach by Gustard et al. 1992) was also taken into account as an a posteriori constraint on model simulations and accepted parameterizations. Furthermore, parameter sets were only accepted within the overall water balance error of ±300 mm year -1 to account for potential inter-basin groundwater flow and data errors (Genereux et al. 2002) . The use of the NS and the lnNS efficiency statistics allowed the multi-criteria calibration of the model to objectively evaluate simulation of high-and low-flow periods (Schaefli and Gupta 2007) . These are usually of most interest when one is assessing the effects of environmental change on streamflow dynamics. The previous measures were adopted in order to calibrate the model and reduce uncertainty using a process-based understanding of catchment functioning in the absence of additional integrative data, such as tracers (Birkel et al. 2010) .
Recent work by Frumau et al. (2011) and Mulligan and Burke (2006) reported on the potential underestimation of wind-driven rain (up to 500 mm year -1 ) and cloud water interception (164 mm year -1 ) in the steep montane topography of tropical cloud forests. The mean annual water balance of the Sarapiqui catchment makes such an assumption of underestimated input to the system feasible (Table 1) . Uncertainties in discharge measurements and potential effects on model calibration cannot be neglected (Westerberg et al. 2011) ; however, these were not explicitly accounted for in this study. To avoid additional parameters by conceptualization of wind-driven rain and above-ground water partitioning (interception, evaporation, transpiration, throughfall and stemflow), we incorporated previously published values for Costa Rica in the model, using observed precipitation-elevation gradients to account for gross input and losses of different landuse classes. Therefore, the semi-distributed model set-up, applying climatic gradients to account for gross precipitation input with potentially unrepresented wind-driven rain, intercepted fog and cloud water, as well as total losses, was considered as an adequate, best-possible representation of the tropical Sarapiqui catchment under data scarcity. Overparameterization in the absence of data would simply increase uncertainty and give "the right answers" but not necessarily for the "right reasons" (Kirchner 2006 ). Although reducing uncertainty by applying a calibrated baseline parameterization (supported by available data and process-knowledge) to simulate land-use change scenarios has been the major goal of this study, a trade-off is that differences in terms of the above-ground water partitioning and process complexity, effects of tree species and age, and the associated degree of soil degradation (due to previous land management) and subsequent recovery cannot be explicitly accounted for (Zimmermann et al. 2006) , though the latter is implicitly captured.
Potential effects of land-use change and PES schemes on streamflow
Since consistent long-term data records were absent from the study catchment, precluding the application of change-detection approaches similar to those of Seibert and McDonnell (2010) , we developed landuse scenarios, incorporating PES scheme results, in an attempt to analyse the potential effects on streamflow dynamics. These were applied to the multi-criteria calibrated baseline simulation for the study period 1982-1990, using the same climatic drivers and parameterization and, thus, excluding any climate variability and additional parameter uncertainty from the analysis (Bruijnzeel 2004) . This enabled us to directly test for mean annual water balance changes, changes in streamflow dynamics and effects on environmental flow indicators, as advocated by Bruijnzeel (1990) , since only subtle differences between the simulated baseline hydrograph and the different scenarios were detectable (Fig. 5 , Table 3 ). In contrast to most studies in tropical forests (e.g. Bonell and Bruijnzeel 2005) , it could be shown that over the 9-year study period, simulated mean annual water yield did not significantly change under the pristine and deforestation scenarios 1 and 2. Most effects could be attributed to changes in mean annual evapotranspiration losses and also water partitioning in the model storage routine itself (Table 4) . With increasing forest cover, the simulated total losses (evaporation and transpiration) increased (Fig. 6) , which in reality would be consistent with increasing interception inputs and transpiration rates. The simulated maximum soil moisture capacity and recharge were also greater for scenarios with increased forest cover, which would be consistent with forest recovery and restoration of hydraulic properties on deeper soils (Godsey and Elsenbeer 2002) . However, the pristine scenario resulted in slightly less annual water yield due to decreased peak and low flows, which is similar to the results presented by Calder (2002) for catchments in Panama, but in contrast to many of those reviewed by Bruijnzeel (1990) and Calder (2005) that showed an increase in low flows after forest recovery. Such differences have also been summarized by Bruijnzeel (2004) and can mainly be attributed to differences in the physical catchment and vegetation characteristics (mainly forest age), and how the soil properties might have been influenced by land-cover changes. High-permeability aquifers and deep, undisturbed porous soils in the study catchment can also be assumed to result in large storage that confers potentially greater resilience to short-term impacts on streamflow in response to the effects of land-cover changes. Moreover, the effects of increased evapotranspiration outputs, but reduced intercepted moisture inputs, will tend to cancel each other with less impact on the overall water balance than at other sites. It could also be shown that peak flows decreased with forest cover up to a certain threshold of around a 1-year return period (Fig. 7 , Table 5 ). Extreme events (dry and wet) exceeding this threshold were much less dependent, if not independent, from land use and more climatically driven (Ott and Uhlenbrook 2004) . This compares well to a recent modelling study on extreme flood events and forests in a Chilean catchment by Birkinshaw et al. (2011) , and can be explained by the likelihood of a different suite of hydrological processes operating during the most extreme events. For instance, during prolonged dry periods it is likely that large stores of deeper groundwater contribute to streamflow, and are geologically controlled so cannot be affected by vegetation (Calder 2005) . Similarly, during extreme flood events, where soils are saturated and directly contribute the excess water to streamflow, land-use effects will be minimal (Soulsby et al. 1997 , Bonell 2005 . However, comparing the impacts of land-cover changes and PES schemes on streamflow dynamics relative to the baseline simulations, it becomes clear that, at this catchment scale (73 km 2 ), deforestation scenarios exerted a stronger and more easily detectable change on streamflow than increased forest cover (Table 5) .
This was also the case when analysing for likely effects on environmental flow indicators (Table 6 ). In the past, such indicators were mostly applied in pre-and post-change detection studies (e.g. Richter et al. 1996) , which in our case was not possible due to the limited availability of long-term data. However, streamflow changes in terms of flow magnitude, frequency, timing and duration induced by the land-cover scenarios during the 9-year study period relative to the baseline simulation could be detected using regression analysis. Even though this regression analysis did not allow the assessment of gradual changes induced by processes such as vegetation recovery from deforestation, growth of reforested plants and associated pedological change , it allowed us to separate out the environmental flow indicators most affected by different land-cover scenarios and PES schemes relative to the baseline simulation. The most important differences were detected for the small flood indicators: rise rate, duration and fall rate. The high-flow timing and low-flow timing in June can also be assumed to be affected by land-cover changes in the study catchment (Table 6 ), which again, would not have been detected by only looking at the annual water yield.
Wider implications and conclusions
The modelling experiment reported herein had the objective of providing guidance to PES schemes and sustainable forest management in the tropics from a hydrological perspective (Creed et al. 2011) . Generally, the potential effects of changes to the existing land cover (baseline) on streamflow over a 9-year study period could be detected by alterations to streamflow dynamics and environmental flow indicators rather than mean annual water yield. This is consistent with the greater potential for resilience to long-term changes in this particular catchment due to its permeable aquifers and deep volcanic soils. Furthermore, in such environments, if land-cover changes, in terms of reforestation aiming at natural flood protection, were to be introduced, rather large areas will be needed to produce decreased peak flows. However, this might also decrease low flows during dry periods as a compensatory effect. Moreover, significant changes in terms of increasing peak flows for small and moderate floods could be detected from relatively small deforested areas in comparison to reforestation. This makes PES schemes that target the protection of forests a much needed tool for the sustainable management of forest ecosystems. Even though the semi-distributed model approach is not able to detect precise locations, the elevation zones and, indirectly, the slope used to describe catchment topology suggest that any introduced land-cover change would result in altered peak flow dynamics. Additionally, the removal of montane cloud forests above 1800 m can result in the loss of cloud water contributions to effective precipitation, and the steeper the slope the more pronounced the rapid hydrological response seems to be. Targeting steeper slopes at altitudes above 1800 m for PES schemes in terms of forest protection and reforestation will potentially provide the greatest benefit. However, it also has to be recognized that, for the very extreme dry and wet events of high return periods, land cover plays a minor role and cannot work as natural flood protection, nor guarantee water supply. It is also important to note that the approach taken here focused on water quantity only, neglecting the potential implications of land-cover change and PES schemes on water quality and other ecosystem services, which could be addressed with an integrated ecosystems approach in future research.
